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Abstract. Airborne in situ observations of ClHi,, N,O, NO,, O,, chlorinated halocarbons, and
halon-12 11, used in atropical tracer model, show that mid-latitude air is entrained into the tropical
lower stratosphere within -13.5 months; transport is faster in the reverse direction. 13c.cause
exchange with the tropics is slower than multi-dimensio nal models generally assumec, ozone at
mid-latitudes appears to bc more sensitive to elevated levels of industrial chlorine than currently
predicted. Nevertheless, approximately 45% of air in the tropical ascent region at 21 kim has been

entrained from mid-latitud cs, implying that emissions from supersonic aircraft could deplete ozone

in thc middle stratosphere.
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Tropospheric air enters the stratosphere predominantly at the tropical tropopause and is then
dispersed upward and toward the poles. Inthe tropics stratospheric air is most efficiently lofted,
and photochemistry acts fastest to both produce ozonce and convert anthropogenic source gases into
rcactive compounds that destroy ozonc. Exchange of air between the tropics and mid -latitudes isa
fundamental component of global stratospheric transport. Because of the profound impact of
transport on the distribution of long-lived stratospheric congtituents, [heir reactive products, and
ozone, models of atmospheric chemistry and transport must accurately represent exchange between
tropical and mid-latitude air to provide realistic predictions of perturbations to the ozone layer.
1 articularly int he lower stratosphere at mid-latitude.s, where observed reductions of ozonc exceed
mode] predictions (1), concentrations of ozonc and related specics arc sensitive to transport of air
from the tropics (2). Poleward transport from the tropics also dispel scs sulfate aerosols (.?) that
provide sites for hecterogencous chemistry, leading to reductions in mid-latitude 0zone associated
with clevatedlevels of chlorine (4). Recent work suggests a source for these particles near the
tropical t ropopause (5), and major volcanic crupt ions provide a large intermittent source (6).
Finally, the rate of mixing of mid-latitude air into the tropics is akey uncertainty in assessing the
impact of supersonic aircraft on stratospheric ozone (7).

We present in situ measurements of a suite of trace constitucnts with photochemical
lifetimes spanning more than two orders of magnitude that allow us, in conjunction with atropical
tracer model, to derive rates of mixing into and out of the tropics in the atitude range 16-21 km.
Most photochemical models used for prognostic calculations of stratospheric ozone represent
transport intwodimensions as rapidmeridionalmi xi ng superimposed ona zonal-mean circulation
with ascent of air in the tropics and descent at mid- and high latitudes (8). Typically, these models
extend into the tropics the region where planctary waves break to rapidly mix air (9). In this case,
abundances of trace constituents with local photochemical lifetimes longer than -1 year assume
common global distributions and arc thus uniquely corrclated with cach other throughout the
stratosphere (70, 11). Mixing ratios of some long lived constituents, however, exhibit different

relationships in the tropics than at mid- and high latitudes (12, 13), suggesting the region of rapid
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mixing dots not penetrate into the tropics. This conclusion is consistent with satellite observations
showing sharp meridional gradients in aerosol and tracer concentrations across the subtropics (6,
14)and anear] y unaticnuated seasonal variation of tropical water vapor (15).

While mixing into the tropics thus seems too slow for efficient global mixing, the question
remains how effectively the tropical stratosphere is isolated (/6).  Although model calculations
based on meteorological winds have been used to assess transport outof the tropics (17), their
ability to infer exchange in the reverse direction appears to be severely limited by the quality of
tropical wind data (/8). Observations of long-lived tracers, however, .show some entrainment of

mid-latitude air into the tropics (19, 20).

Observations. Our measurements were obtained simultaneously from instruments on board the
NASA 1:1<-2 aircraft from March through November 1994 (27 ). A ncw instrument, the Airborne
Chromatograph for Atmospheric ‘1'race Species (ACATS-1V) micasured CHFC-11(CCILE), CFC- 12
(C:CLI%), CEFC-113 (CCIL,CCLIY), CCl,, Cl LLCCL, halon-1211 (CBrClI,), and Cl 1, once every
three minutes with instrumental uncertaintics generally less than 3% (22). Three other inst raments
measuted N,O, NO, (reactive nitrogen), and 0,once every second (23). Wc usc mid-latitude data
from 31 flights obtained at atitudes up to 21 km between 35° and 55° in both hemispheres during
fal 1, winter, and spring. Tropical air was sampledon 4 flights each in late Marcll/early April and
in Jatc October. Wc defined tropical air as the region cquatorward of the sharp meridional gradient

inthe NO,/O, ratio, which delincates the subtropical edge (24).

Tropical tracer model. Asan air parcel rises from the tropical tropopause, the mixing ratio of
a trace] is governcd by production anti loss resulting from both local photochemistry and
entrainment of extratropical ar. Entrainment is associated with synoptic and planetary scale wave
act ivit y on quasi-horizontal isentropic surfaces (2.$). If wc assume the net effect of these events at
agiven altitude isrepresented by isentropic mixing with air of a mean mid-latitude mixing ratio and

that the tropics arc horizontally homogencous, the long-term vertical evolution of atropical tracer is
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given by

24 X X = Xid
L O0O=PpP - L& - - L A
Jd0 Q T 7% T.

mn

(1)

where x ant] ¥, &c the mean tropical and mid-latitude mixing ratios; 0 is potential temperature
used as vertical coordinate (26); Q = dO/dtis the net diabatic hc.sting rate, equivalent to vertical
ascent rate (27); P isthe photochemical production rate; T is the life.time for photochemical |0ss; vy =
(@x/a0)ly, is the long-term growth rate; and 1, is atime scale forimport of mid-latitude air. The
inverse of 1, is the entrainment rate into the tropics, that is the fraction of air in a tropical air
volume (at a fixed altitude) imported from mid-] latitudes per unit time interval. in principle, if
chemical production, loss, ‘growth, and the ascent rate arc all known as functions of O, the
entrainment time 7, can be determined from observations of tracer mixing ratios in the tropics and
mid-latitudes.

We obtained tropical ascent rates, Q, from two independent studies based on radiative
transfer calculations and global meteorological and chemica data (28, 29).0O, and NO, have
photochemical sources and mall photochemical sinks in the lower tropical stratosphere whereas all
other species wc considered have only photochemical sinks, predominantly photolysis in the
ultraviolet and reaction with O('13) (whereby NO, is produced from N,0) or, in the case of CH,,
reaction with 011 and CI. We calculated diurnall y averaged photolysis rates with a radiative
transfer modcl that includes Rayleigh anti aerosol scattering (30). Concentrations of 01 1, O('D),
Cl, and 1102 (aminor sink for O,) were calculated with aphotochemical model constrained by 1 R-
2 observat ions (37).  React ion rates and absorption €ross scctions from the NASA/IPL,
compendium (32) were used.  1,0ng-term growth rates (y) were derived from observed

tropospheric trends during 1993-1994 (33).

Vertical profile.s. The degree of isolation of the tropical ascent region can be estimated by

compat i son of vertical profiles of tracer mixing ratios observed in the tropics (0 profiles calculated
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assuming unmixed ascent (unmixed profiles), that is solutions to equation (1) with 1, =co (34)
(Fig. 1). Obscrved profiles of the Jonger-lived species, N,O and CIC- 12, and also of C11, and
NO, (not shown) deviate noticeably from unmixed profiles, indicating mixing with
photochemically aged mid-latitude air (.3.5), 1lowever, for C1'C-113 CEC- 11, and the shorter-
lived species CH,CCl,, CCl,, and halon-121 1 (not shown), with lifctimes at 19 km of -3.1, 2.4,
and 1.1 years, respectively, observed profiles fall within the uncertainty range of values calculated
for unmixed ascent.

These results can be understood in terms of the relative influence of photochemistry and
isentropic mixing on the evolution of the tracer mixing ratio profiles. For the longest-live(l species,
photochemistry is so slow that profiles arc cssentially determined by ascent and mixing. For C1C-
11 and other shorter-lived species, photochemical loss occurs rapidly enough to dominate loss by
mixing, and hence the vertical profile is controlled primarily by ascent and local photochemistry.
Tropical profiles of O, can similarly bec explained largely by ascent and local photochemical
production (occurring on a short time scale of -3.5 months at19 km) (79, 36) . An estimate of the
rate of entrainment of mid-latitude air can readily be obtained from the comparisonin Fig. 1: The
decline with altitude of the CFC-1131nixing ratio due to chemistry alone (unmixed profile) is
comparable to the additional decline induced by mixing (observed profile), implying that chemistry
(x/v) and mixing ([ X-- x,..)/T.,) ac of approximately the same magnitude. 1 lence, T, =T (x-

Yuia) X yielding an entrainment time of afew years.

‘J'racer correlations. Fquation (1) can in principle be used to derive 1, (.3'7), but, as shown
above, no information about the rate of mixing is contained in observed vertical profiles of species
shorter-lived than CI1JC-113. Another difficulty in using equation (1) isits dependence on Q that,
because of its small value and scasonal and interannual variability, is considered highly uncertain
for the tropical lower stratosphere (28, 29). Both deficiencies arc avoided by analyzing
correlations of tracer mixing ratios. Considering cquation (1) for the mixing ratios of two trace.rs

X and Y yields
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which shows that the functional form of [he. tropical corrclation Y(X dependendsonly o11
photochemical production and loss rates, growthrates, the mid-latitude profiles, and the
entrainment time. Furthermore, correlation diagrams eliminate much of the scatter attributed to
atmospheric fluctuations because spatial and temporal variations for lcmg-lived stratospheric tracers
arc correlated (38). Therefore, correlations provide a more rcliable measure of atmospheric
transport than vertical mixing ratio profiles.

Differences in the slopes of correlat ions observed at mid-lat it udes andin the tropics provide
a direct measure of exchange between the two regions.  If isentropic mixing is fast compared to
photochemistry for two tracers throughout the mid-latitudes and the tropics, onc tight correlation
will exist for all latitudes, with a shape determined by the global photochemical sources and sinks
of bothspecies (/7). If mixing into the tropics is slow compared to photochemistry for both
species, the tropical mixing ratios will be influenced solely by local (tropical) photochemical
sources and sinks. Two species with sufficiently different spatial distributions of sources and
sinks wiil then exhibit a correlation in the tropics with a slope different from that at mid- latitudes
(/6). Yinally, if mixing is slow compared to photochemistry for only onc of the two species, the
difference of the correlation slope in the tropics from the slope at mid-lat it udes wi Il be sensitive to
the magnitude of mixing into the tropics.

For a given mixing ratio of N,O, the shorter-lived species show lower abundances in the
tropics than at mid-latitudes because their 10ss processes arc significant near ~20 kim whereas N,O
isnotdestroyed until the air reaches higher altitudes (prior to dc.scent back to low altitude, mid-
latitude regions) (Fig. 2). Becausce the abundance of N, O in the. tropics is sensitive to isentropic
mixing, however, the tropical correlations do not match the correlations calculated assuming
unmixed ascent (unmixed correlations). The separation of tropical and mid-latitude correlations is
most pronounced for haicm-121 1 (the shortest-lived tracer) and diminishes for specics with

increasing photochemical lifetime, as local chemistry becomes less important relative to mixing in
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determining the tropical abundance of each tracer. Tropical correlations of the Jongcr-lived species
([;] C-113, c1:C-12,C11,, and NO,) with N,0 (not shown) exhibit the same slopc as Inici-latitude
correlat ions, imp] ying that over the altit ude range sampled by the 1:R-2 the local photochemical
time scales of these compounds arc long compared to mixing time scales. Quantification of mixing
rates using these Jongcer-lived species requires correlations with a molecule whose evolution is
dominated by local photochemistry, such as O, (1 ig.3). in such a comparison, the slope of the
tropics| correlation ismost sensitive to mixing for the Jongest-lived species.  Tropical correlations
of the shorter-lived species (CIC- 11, CH, CCl,, CCl,, and halon-121 1 ) with O,(not shown) are

similar to the unmixcd correlations ant] thus do not provide quantitative information about mixing.

Rates of transport. The correlation diagrams in Figures 2 and 3 can bc used to dc.rive rates of
transport between the tropics and mid-latitudes during the measurement period. Wc integrate
equation (2), constrained by mixing ratios for nlid-latitudes from our observations and computed
photochemical sources and sinks (.70, 37), to calculate the tropical corrclation Y (X) of two species,
treating the entrainment time 1, as afree parameter (.29). Dircct inversion of equation (2) to yield a
value of T asafunction of altitude is not practical because the tropical tracer measurements exhibit
too much variability to define the slope of the correlation diagram at each atitude (40). Initially,
wc assume a value for 1, independent of atitude. Yor cach pair of tracers displayed in Figures 2
and 3, wc determined the value of 1, giving best agreement with the observations byan iterative
least-squares fit of the calculated correlation (shownin Fig. 2 and 3) to the observed tropical
correlation. Analysis of each correlation diagram (I'ig. 4) yields a gcometric mean (weighted by
the individual uncertaintics) for 7, of ] 3.5 months, with an uncertainty of -20% (d]). Individual
determinat ions of 1, from each pair of [racers agree with this mean value. This result is indicative
of a scasonally and vertical i y averaged entrainmentrate into the tropics of 7% per month (L/Tin)
over the altitude range 16-21 km during 1994. The average entrainment time of 13.5 months is
longer than the time scale for isentropic mixing at mid-latitudes of less than 3 months (42),

confirming that mixing into the tropics is slow compared to mixing within mid-latitudes.
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The datadonot provide information on the dependence of T, with height. Following the
inversion procedure outlined above, but alowing T, to vary lincarly with altitude, we found no
evidence for either a significant increase or decrease of the entrainment lime with altitude. This
result is also evident by the good fits to the observed correlations using values of 1, independent of
altitude (Fig. 2 and 3). Conceptually, the altitude dependence of 1, isimplicit in the detailed shape
of the tropical correlation, The tropical correlations displayed in Figures 2 and 3, because of  their
variability and limited range, donot reveal details about their shape much beyond their average
slope, and thus they do not allow a good estimate of the altitude dependence of 1, Another
compl icat ion is posed by the convolution of space and t ime notimplicit in the t ime-averaged
formulation of 1 iq. (1): Because tropical air at any given altitude carries the integrated signature of
mid-latitude int rasions from the t ime it crossed the t ropopause, the detailed shape of the tropical
correlation at agiven timeis determined not solely by the atitude dependence of isentropic mixing,
but also by thetime history of mixing, photochemistry, and mid-latitude abundances.
Conscquently, tropical and mid-latitude measurcments from many different seasons arc needed to

unravel the. temporaland height dependence of 1,,; neither can be determ i ned from our tropical

i
obscrvat ions covering on] y two seasons. However, a seasonal average is implicitin our vertically
averaged determination of 1, since. the observations cover an altitude interval that arising air parcel
crosses during the course of several seasons (4.7).

}quatorward entrainment of air into the tropics is not nccessaril y balanced by poleward
detrainment from the tropics. A rough cstimate for the rate of detrainment can be made assuming a
stead y mass balance across the subt ropical edge and t he rate of entrainment determined above. In

the annual mean, the net mass flux out of the tropics (detrainment minus entrainment) must bc

balanced by tile mean mass divergence within the tropics (determined from the mean ascent rate):

P _ P J
EPREE T A @

out mn

wheret,, is atimc scale for export of air; p is the air density; z is altitude; and w is the mean
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vertical velocity. Theinverseof 1, isthe meandetrainment rate, that is the fraction of air in a

out
tropical air volume (at a fixed altitude) exported to mid-latitudes per unit time. Detrainment rates
compute.ci from equation (3) for our estimate for t,, (13.5 months) and ascent velocities averaged
over 24 months (28, 29) show that, over much of the altitude range considered, more air is
exported from the tropics than is imported (Fig. 5A). The derived detrainment rates and their
vertical profiles arc dominated by the mass divergence term and arc not very sensitive to 1, (44).
These rates should be indicative of the total transport from the tropics to both hemispheres in a2-
ycar average. The corresponding detrainmenttime (t,,,) of less than ~6 months below 19 km is
consistent with observations of rapid propagation of the seasonal cycles of CO, and 11,0 from the
tropics to mid-latitudes in the lowest several kilometers of the stratosphere (42, 45). These
obscrvations aso show afading of the seasonal signals of CO, and 11,0 at mid-latitudes above 19
km, indicating slower detrainment from the. tropics at these altitudes.  This morphology o f
dc.creasing detrainment a higher altitudesis aso supported by studies of acrosol dispersal from the
tropical reservoir (3, 6) and by transport analyses based on meteorological winds (/7,18).Recent
analysis (/8) has shown that transport rates from the tropics to the northern hemisphere arc about 8
to 10% (of tropical mass) pcr month at18.5 and 21 kin, in recasonable agreement with our result of
atotaldetrainment rate to both hemispheres of 5 to 35% in this altitude range.

As shown in Fig. SB, approximately 45% of air of extratropical origin accumulates in a
tropical air parcel during its -8 month ascent from the tropopause (0 21km. This estimate assumes
an entrainment lime of 13.5 months and that newly entrained air is rapidly homogenized in the
tropics. The result is insensitive to the altitude dependence of the entrainment rate, but depends
directly on the magnitude of the ascent velocity and thus has a large uncertainty (Fig. 5B).
Regardless, entrainment of mitt-latiludc air into the tropical ascent region of the lower stratosphere

is significant.

implications. Ow mcasurements and analysis demonstrate that tropical air is rclatively isolated

from mid-latitudes, where isentropic mixing occurs more rapidly. However, because the time
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scale for tropical ascent is comparable to the entrainment time scale, there is considerable
accumulation of extratropical air in the inner tropics. Our observations suggest that ncarly half the
arinthe tropical ascent region at 21 km has been transported from mid-lat it udes. 1 “hisimplics that
a significant fraction of NO, (= NO+NO,) and other effluents cmitted from supersonic aircraft at
mid-latitudes between 16 and 23 km will likely reach the middle and upper stratosphere, where
enhancements in NO_ arc expected 10 Icad to reductions ill ozone (7). While estimating the effects
of human activity on ozone remains a task for multi-dimensional modcls of atmospheric transport
and chemistry, our determination of the rates of transport and the fraction of mid- latitude air within
the tropical ascent region const itutes important tests for t he accuracy of such models. Current 1y,
most models overestimate the magnitude of exchange between the tropics and mid-latitudes (6).
Restricting exchange with the tropical production regions of Wont would cnhance the relative
in fluence of chemical Sinks on ozone concentrations at mid-latitudes. Mid-latitude ozone should
thus be more scnsitive to enhanced chemical 10ss induced by clevated levels of industrial
halocarbons and volcanic aerosols, than current models predict.  Tests with a two-dimensional
model indicate that calculated ancl observed reductions of ozone at mid-latitudes agree better if
transporl parameters arc modified to sSimulate restricted exchange across the tropics (46). A more
realistic representation of dynamical coupling between the tropical source, and mid-latitude sink
regionsof ozone may thus hold the key to understanding and reliabl y predicting the response of the

stratospheric ozonc Layer (0 avarict y of anthropogenic aswel i as natural pert urbations.
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I'igure captions

Fig.1. Vertical profiles of mixing ratios of several long-lived trace speciesinthe tropics (gray
dots) and mid-latitudes (black squares with error bars). For the mid-latitudes, the data was binned
into 10K increments of potential temperature (0); t he profiles shown represent t he bin averages and
the error bars represent the standard deviation within each bin.  Solid lines arc calculated tropical
profi les for unmixed ascent (t, =eo) from 0=380K (the approximate mean tropopausc height for the
tropical observations). Calculated profiles are shown for ascent rates Q from (28); profiles based
on ascent rates from (29) arc similar to the oncs shown.  Dashed lines represent an uncertainty
range. inthccalculatcci imiilcgn(iucc(ihy a SO% uncertainty in Q. Also indicated is the effective
lifetime ‘1 (47) at 0=440 K (-19 km altitude) for each of the spccies.  Species (not shown) that arc
shorter-lived than CEC-11behave similarly to CHC-11, thatis their tropical profiles agree with the
unmixed profiles, within the limits of uncertainty. In particular, the obscrved O, profile is closely

matched by the calculated unmixed O, pmfi lc.

Fig. 2. Corrclations of mixing ratios for tile simrtcr-lived species versus N0 in the tropics (dark
gray dots) anti at mi(i-latitudes (light gray dots). Thin solid lincs represent mcan mid-latitude
corrclat ions used in the model and were obtained from quad ratic fits to the correlations. 1 ashed
lines are calculated cor relations for the unmixed case (1, =<). Thick solid lines arc calculated
tropical correlations for a constant cntrainment time 1, that yiclded the best agreement (in a least-

squares sense) with the observed tropical correlations.  Ail fits arc shown over a N,O range that

corresponds to the potential temperature range. 0=380K to 0=493K (the stratospheric O-range of
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the tropical data). Also indicated is the effective lifetime T (47) at 0=440 K for each of the species.

Fig. 3. Correlations of mixing ratios for the longer-lived species versus O,. Colors and lines
have identical meaning as in 1 g. 2. For N,O and NO,, mean mid-latitude correlations (thin solid
lines) are from non-parametric “locss” fits (48) of each species versus O. For all other specics,
they arc quadratic fits to the mid-latitude correlations.  Effective lifetimes T (47) at 0=440 K ate

indicated for the species with photochemical sinks.

Kig. 4. Entrainment times Tin obtained from each of the correlations shown in Figures 2 anti 3 as
the constant that yiclded the best agrecment (in a least-squares scnse) of the calculated to the
observed tropical correlations.  irror bars weie obtained from a series of sensitivity tests to
uncertaintics of all the inputs used in the calculation (including uncertaintics of fits and initial
values) under the assumption that individual injuts arc independent of each other. 'T'he error bars
arc symmetric on a logarithmic scale (47). The solid black line is the weighted geometric mean
(1 3.5months); its uncertainty (not shown), expressed as uncertainty factor, is 1.2. Dashed lines

reflectthe range of one standard deviation.

Fig. 5. (A) Entrainment rate into and detraininent rates out of the tropics versus altitude,
cxpressed as % of air within a tropical air volume (at a fixed altitude) entrained/c letrained per
month. Results arc for 1, =13.5 months and ascent rates from (28) (dashed line) and (29) (dotted
line). The disagrcement bet ween detrainment rates based on (28) and (29) reflects di fferences in
the vertical profiles of the ascent rates (44). (B) Fraction of mid-latitude air within the tropics
versus altitude for nominal (solid line) and extreme (dashed lines) values of 1, and ascent rates w
from (28) asindicated. The corresponding result for ascent rates from (29) agrees to within -5%.

T'o facilitate comparison with Fig. 1, the approxi male potential terper ature (valid for both A and
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B) is given on the right axis.
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